and a GABAergic receptor antagonist (bicuculline) were injected into the VTA and substantia nigra (SN). In anesthetized rats, L-homocysteic acid into the VTA induced short-lasting increases in renal sympathetic nerve activity (RSNA; 66 Ϯ 21%), mean arterial pressure (MAP; 5 Ϯ 2 mmHg), and heart rate (HR; 7 Ϯ 2 beats/min), whereas bicuculline into the VTA produced long-lasting increases in RSNA (130 Ϯ 45%), MAP (26 Ϯ 2 mmHg), and HR (66 Ϯ 6 beats/min). Bicuculline into the VTA increased blood flow and vascular conductance of the hindlimb triceps surae muscle, suggesting skeletal muscle vasodilatation. However, neither drug injected into the SN affected all variables. Renal sympathetic nerve and cardiovascular responses to chemical stimulation of the VTA were not essentially affected by decerebration at the premammillary-precollicular level, indicating that the ascending projection to the forebrain from the VTA was not responsible for evoking the sympathetic and cardiovascular responses. Furthermore, bicuculline into the VTA in decerebrate rats produced long-lasting rhythmic bursts of RSNA and tibial motor nerve discharge, which occurred in good synchrony. It is likely that the activation of neurons in the VTA is capable of eliciting synchronized stimulation of the renal sympathetic and tibial motor nerves without any muscular feedback signal.
was unaffected during postexercise muscle ischemia (42) , suggesting that these cortical structures may be involved in the generation of central command. On the other hand, renal sympathetic nerve activity (RSNA) and heart rate (HR) abruptly increased before or at the onset of spontaneous body movement or locomotion in decerebrate cats (21, 32) . Since decerebration disconnects the cerebral cortex and rostral diencephalon from the lower brain stem, this suggests that central command may be generated in the caudal part of the diencephalon and/or regions within the brain stem, which may be triggered by descending output from the cortical structures (20) .
As a candidate for the brain sites generating central command, the ventral mesencephalic region emerged from speculating the data obtained in idiopathic and autosomal recessive early-onset Parkinson's disease patients. Idiopathic Parkinson's disease patients are characterized with loss of dopaminergic neurons in the wide midbrain areas, including the substantia nigra (SN) and ventral tegmental area (VTA). Not only do they present severe motor disturbances but they also show altered autonomic function (25, 31) . A positive linear relationship between arterial blood pressure (ABP) and HR, which is usually observed among voluntary behaviors during 24 h in normal subjects, reflects a central mechanism regulating the HR in parallel to the change in ABP. Such a positive ABP-HR relationship is lost in idiopathic Parkinson's disease patients despite the same variation in ABP (25, 31) , suggesting impaired central control of HR even though cardiac sympathetic denervation develops in the progression of Parkinson's disease (11, 36) . On the other hand, autosomal recessive early-onset Parkinson's disease patients retained dopaminergic neurons in the VTA relatively intact, and they show fewer autonomic disorders than idiopathic Parkinson's disease patients (19, 23, 44) , leading the possibility that the VTA, but not the SN, plays an important role in autonomic regulation of the cardiovascular system.
Few animal studies have examined the effects of stimulation of the VTA on the cardiovascular system, and the results thus far have been controversial. Electrical stimulation of the VTA increased ABP in pentobarbital-anesthetized rabbits (37) . Chemical stimulation of the VTA with a tachykinin agonist increased ABP and HR in conscious rats (5-7), whereas L-glutamate injected into the VTA decreased them in chloralose-anesthetized rats (16) . In contrast, both tachykinin analogs and L-glutamate injected into the SN evoked only a smaller pressor response and a negligible effect on HR (5, 16). Although it is important for a better understanding of the under-lying mechanism to directly assess sympathetic outflow, the effect of VTA stimulation on sympathetic nerve activity has never been identified. Taking the previous clinical and experimental evidence into account, we hypothesized that neurons in the VTA may play a key role in generating a central command signal responsible for autonomic control of the cardiovascular system. To test this hypothesis, we examined the effects of chemically stimulating neurons in the VTA and SN on renal sympathetic outflow in conjunction with motor nerve activity. An agonist of glutamatergic N-methyl-D-aspartate (NMDA) receptors and an antagonist of GABAergic receptors were prepared for the effective chemical stimulation, because dopaminergic, GABAergic, and glutamatergic neurons are contained in the VTA (29, 33, 35) and the dopaminergic neurons receive excitatory glutamatergic innervation and inhibitory GABAergic innervation (2, 8, 41, 43) . A portion of the results of the present study has been preliminarily reported (27) .
METHODS
The experiments were performed using 16 Wistar male rats (body weight: 384 Ϯ 17 g) in accordance with the "Guiding Principles for the Care and Use of Animals in the Fields of Physiology Sciences" approved by the Physiological Society of Japan. The experimental protocols and procedures were also approved by the Committee of Research Facilities for Laboratory Animal Science, Natural Science Center for Basic Research and Development, Hiroshima University.
Anesthetized preparations. Chemical stimulations of the ventral mesencephalic areas were made using nine intact rats anesthetized with pentobarbital (50 -60 mg/kg ip). ECG, HR, and rectal temperature were continuously monitored, and respiratory thoracic movement was visually observed. HR was derived from the R wave of the ECG by a tachometer (model 1321, GE Marquette Medical Systems, Tokyo, Japan). Rectal temperature was maintained at 37-38.5°C with a heating pad and an external lamp. The trachea was exposed, and an endotracheal tube was inserted into the airway. Rats spontaneously breathed oxygen-enriched room air through the endotracheal tube. Polyurethane catheters were inserted into the left external jugular vein to administer the drugs and the left carotid artery for measuring ABP with a pressure transducer (DPT-6100, Kawasumi Laboratories, Tokyo, Japan). The rat head was mounted on a stereotaxic frame (SR-6R, Narishige, Tokyo, Japan), and a temporal part of the skull was removed for chemical stimulation of the ventral mesencephalic areas.
Decerebrate preparations. Seven rats were decerebrated according to previously published studies (21, 26, 32) to conduct chemical stimulation of the ventral mesencephalic areas in the unanesthetized, decerebrate condition. To perform surgery for decerebration and implantation of catheters and electrodes, a gas mixture of 4% halothane, N 2O, and O2 was introduced to an individual rat placed in a plastic box. After the animal had been anesthetized and a facemask was attached, the concentration of halothane through the facemask was lowered to a level of 1.0 -1.5% and surgery was started. ECG, HR, rectal temperature, and respiratory thoracic movement were monitored, and rectal temperature was maintained at 37-38.5°C. To maintain an appropriate level of surgical anesthesia, the concentration of halothane was increased to 2.0 -2.5% if an increase in HR and/or respiration and/or withdrawal of the limb in response to noxious pinch of the paw and/or a surgical procedure was observed. After the trachea was exposed and an endotracheal tube was inserted into the airway, the lungs were artificially ventilated by the respirator. Catheters were inserted into the left external jugular vein and left carotid artery. The rat head was mounted on the stereotaxic frame, and a temporal part of the skull was removed. Decerebration was then performed at the premammillary and precollicular level (at the level 4.5 mm caudal to the bregma) with an electrocoagulation method as previously reported (26) . A stainless steel electrode, whose insulation was removed along a length of 4 mm from the tip, was inserted near the basilar bone. A negative direct current (1 mA) was passed for 30 -40 s through the electrode. The electrode was then withdrawn by 4 mm, and the same current was passed again. This procedure was repeated over a total of 20 tracks at 0.5-mm intervals on the frontal plane. Dexamethasone (0.2 mg, Sigma-Aldrich, St. Louis, MO) was intravenously administered to minimize cerebral edema.
Recordings of RSNA and tibial motor nerve activity. The left kidney was exposed via a retroperitoneal approach to isolate a renal nerve bundle along the renal artery and vein. The isolated renal nerve bundle was left intact. To measure motor nerve discharge, the left tibial nerve innervating the triceps surae muscle was separated from the sciatic nerve. The distal portion of the tibial nerve was ligated to eliminate any afferent discharge. Each nerve bundle was mounted on a bipolar electrode of Ag-AgCl wires in a warm liquid paraffin pool surrounded with connective tissue and skin. The original RSNA was amplified by a preamplifier (MEG-5200, Nihon Kohden, Tokyo, Japan) with a bandpass filter between 50 and 3 kHz. The amplified output of RSNA was converted into standard pulse trains using a digital technique, which detected the peaks of the original neural spikes (22) . The standard pulse trains were integrated by an R-C integrator with a time constant of 20 ms. To determine the linkage between renal sympathetic outflow and spontaneous motor activity under muscle paralysis, tibial motor nerve activity was recorded by the preamplifier with a bandpass filter between 50 and 3 kHz. The amplified signal of tibial motor nerve activity was rectified and then integrated by an R-C integrator with the same time constant of 20 ms.
Recording of muscle blood flow. We measured blood flow of the left hindlimb triceps surae muscle with a laser-Doppler flow probe, which was placed on the surface of the muscle. The flow probe was connected to a Doppler flow instrument (ALF21, Advance, Tokyo, Japan). Muscle vascular conductance was estimated from a ratio of muscle blood flow and mean arterial pressure (MAP). The responses in muscle blood flow during chemical stimulation of neurons in the VTA and SN with bicuculline were identified in six anesthetized rats and six unanesthetized, decerebrate rats.
Experimental protocols. After all surgical and preparatory procedures had been completed, a muscle relaxant of D-tubocurarine chloride (0.6 mg) was intravenously administered, and the lungs were artificially ventilated with a respirator. If an increase in HR and/or ABP in response to noxious pinch of the paw and/or a surgical procedure was observed under muscle paralysis in the pentobarbitalanesthetized condition, supplemental pentobarbital (3-5 mg/kg iv) was administered to maintain an appropriate level of surgical anesthesia.
To chemically stimulate the ventral mesencephalic areas, a single glass capillary micropipette was inserted into the ventral mesencephalic areas with aid of a micromanipulator [VTA: 5.2-5.3 mm caudal to the bregma, 0.8 -1.0 mm lateral to the midline, and 7.5-8. Histology. Animals were killed with an overdose of pentobarbital. Brains were perfused with saline followed with a 10% formalin solution, removed, and then immersed in the formalin solution. Subsequently, the midbrain was sliced into 40-to 50-m-thick coronal sections of the midbrain with a freezing microtome and stained using a Nissel method. The mesencephalic sites labeled with Chicago sky blue were examined histologically.
Data and statistical analyses. The onset of microinjection was manually marked with an electric switch. RSNA, tibial motor nerve activity, HR, MAP, muscle blood flow, and the marking signal were simultaneously recorded on a pen-writing recorder (8M14, GE Marquette Medical Systems, Tokyo, Japan) and were stored in a computer via an analog-to-digital converter (MP100, BioPac System, Santa Barbara, CA) at a sampling frequency of 1 kHz. The mean values of RSNA, HR, MAP, muscle blood flow, and vascular conductance over 1 s were sequentially calculated. The baseline value of each variable before chemical stimulation of the ventral mesencephalic areas was defined as the control. The time course data of the average changes in RSNA and hemodynamics in response to chemical stimulation of the ventral mesencephalic areas were statistically analyzed by one-way ANOVA with repeated measures. If a significant F-value in the main effect of time was present, a Dunnett post hoc test was performed to detect a significant difference in mean values at a given time from the baseline control. The peak responses in RSNA and hemodynamics during the chemical stimulations were also compared with the baseline levels by a paired t-test. Microinjection of bicuculline into the VTA or PAG produced a series of rhythmic tibial motor nerve discharges in unanesthetized, decerebrate rats. RSNA was aligned at (2) of L-homocysteic acid into a site in the midbrain ventral tegmental area (VTA) and substantia nigra (SN) on renal sympathetic nerve activity (RSNA), arterial blood pressure (AP), heart rate (HR), and integrated tibial motor nerve activity in an anesthetized rat (A) and an unanesthetized, decerebrate rat (B). Rats were paralyzed, and the lungs were artificially ventilated. L-Homocysteic acid injected into the VTA increased RSNA, AP, and HR in either rat, whereas L-homocysteic acid into the SN induced no obvious responses. In the same 5 anesthetized rats, 13 injections were made in the VTA and 14 injections were done in the SN. In the decerebrate condition, 12 injections were made in the VTA in 4 rats and 4 injections were done in the SN in 2 rats. L-Homocysteic acid injected in the VTA significantly increased RSNA and HR in both anesthetized and decerebrate conditions, whereas L-homocysteic acid in the SN failed to increase them. *Significant change from the baseline control (P Ͻ 0.05).
the onset of tibial motor discharge and then averaged to examine cross-correlation between the tibial motor nerve discharge and RSNA. The mean RSNA around the onset of tibial motor discharge was further averaged among the animals. The level of statistical significance was defined as P Ͻ 0.05 in all cases. Data in the text and figures are expressed as means Ϯ SE.
RESULTS
Baseline RSNA was not significantly different between anesthetized and decerebrate rats (66 Ϯ 11 vs. 79 Ϯ 15 impulses/s, respectively). In decerebrate rats, however, the baseline MAP of 90 Ϯ 5 mmHg was significantly lower (P Ͻ 0.05) and the baseline HR of 481 Ϯ 3 beats/min was significantly higher (P Ͻ 0.05) than those in pentobarbital-anesthetized rats (107 Ϯ 4 mmHg and 425 Ϯ 12 beats/min, respectively).
Chemical stimulations of neurons in the VTA and SN of anesthetized, intact rats. L-Homocysteic acid injected into the VTA elicited significant short-lasting increases (P Ͻ 0.05) in RSNA, ABP, and HR in anesthetized, intact rats ( Figs. 1 and 2 ). The increase in RSNA peaked to 66 Ϯ 21% of the baseline control at 4 s from the injection onset, and the peak increases in MAP and HR were 5 Ϯ 2 mmHg and 7 Ϯ 2 beats/min, respectively. On the other hand, bicuculline injected into the VTA produced a profound, long-lasting increase of RSNA, which started with a latency of 90 s from the bicuculline injection and lasted for 23 Ϯ 2 min (Figs. 3 and 4) . The peak increase in RSNA was 130 Ϯ 45% at 12.8 min. In parallel to the increased renal sympathetic outflow, bicuculline injected into the VTA evoked sustained increases (P Ͻ 0.05) in MAP (26 Ϯ 2 mmHg) and HR (66 Ϯ 6 beats/min). In contrast to the effects of chemical stimulations of neurons in the VTA, microinjection of either L-homocysteic acid or bicuculline into the SN elicited no obvious renal sympathetic and cardiovascular responses (Figs. 1 and 3) , and the overall average responses in RSNA, MAP, and HR by either L-homocysteic acid or bicuculline into the SN were not significant (P Ͼ 0.05) at any time after the microinjection (Figs. 2 and 4) .
When PBS was microinjected at the same volume (60 nl) into the identical VTA or SN, the vehicle injections did not significantly (P Ͼ 0.05) change RSNA, HR, and MAP.
Chemical stimulations of neurons in the VTA and SN of unanesthetized, decerebrate rats. Next, we examined using unanesthetized, decerebrate rats whether the renal sympathetic and cardiovascular changes in response to chemical stimulation of neurons in the VTA were impaired by disconnecting the VTA from the forebrain. L-Homocysteic acid injected into the VTA had the similar short-lasting effects on renal sympathetic outflow and hemodynamics (Figs. 1B and 2B) as those in the anesthetized, intact condition. VTA administration of L-homocysteic acid was also capable of inducing a tibial motor nerve burst with a latency of 1-3 s, as shown in Fig. 1B . Moreover, the peak increases in RSNA and MAP of 180 Ϯ 39% and 31 Ϯ 4 mmHg were much greater (P Ͻ 0.05) than their peak increases in the anesthetized, intact condition. On the other hand, microinjection of bicuculline into the VTA produced profound, long-lasting increases in RSNA, HR, and MAP, similarly to the anesthetized condition (Figs. 4 and 5) . The increase in RSNA started with a latency of 72 s, peaked to 52 Ϯ 14%, and lasted for 18 Ϯ 1 min. The peak values of the average increases in RSNA and HR (9 Ϯ 1 beats/min) were smaller (P Ͻ 0.05) than those in the anesthetized, intact condition, although the peak rise in MAP did not differ significantly between the two conditions. Thus, it is likely that the renal sympathetic and cardiovascular changes in response to chemical stimulation of neurons in the VTA with L-homocysteic acid and bicuculline were not impaired by interrupting the connections between the VTA and the forebrain. In contrast to the VTA, microinjection of L-homocysteic acid or bicuculline (2) of bicuculline into the VTA and SN on RSNA, AP, and HR in an anesthetized rat. Bicuculline into the VTA caused long-lasting increases in RSNA, AP, and HR, whereas bicuculline into the SN induced no obvious responses.
into the SN caused no significant renal sympathetic and cardiovascular responses and no tibial motor discharges in decerebrate rats as well as in anesthetized rats (Figs. 2 and 4) .
It was quite interesting that microinjection of bicuculline into the VTA produced a series of rhythmic motor discharges in the tibial nerve, which were unique to the unanesthetized, decerebrate condition. There were vigorous fluctuations in RSNA, ABP, and MAP that synchronized with individual tibial motor discharges.
Chemical stimulations of neurons in the PAG of unanesthetized, decerebrate rats. We examined using unanesthetized, decerebrate rats to what extent activation of neurons in the VTA influenced the sympathetic and cardiovascular systems by referring to the effects of the same chemical stimulation of the PAG. L-Homocysteic acid injected into the PAG produced the significant short-acting increases (P Ͻ 0.05) in RSNA by 346 Ϯ 96%, MAP by 34 Ϯ 7 mmHg, and HR by 9 Ϯ 1 beats/min with the same time course and response magnitude as in the case of microinjection into the VTA. On the other hand, bicuculline injected into the PAG exhibited long-lasting increases in RSNA, MAP, and HR for 12 Ϯ 1 min, as shown in Fig. 5 . The peak increases in RSNA, MAP, and HR were 44 Ϯ 13%, 36 Ϯ 6 mmHg, and 9 Ϯ 3 beats/min, respectively. Therefore, the increases in RSNA, MAP, and HR in response to injections of L-homocysteic acid and bicuculline into the PAG and VTA resembled each other in time course and (2) of bicuculline into the VTA and SN in anesthetized rats (A) and decerebrate rats (B). In the anesthetized condition, 15 injections of bicuculline were made in the VTA in 7 rats and 9 injections were done in the SN in 6 rats. In the decerebrate condition, 9 injections were made into the VTA in 7 rats and 2 injections were done into the SN in 2 rats. Bicuculline into the VTA significantly increased RSNA, MAP, and HR in both anesthetized and decerebrate conditions, whereas bicuculline into the SN failed to increase them. *Significant change from the baseline control (P Ͻ 0.05).
response magnitude. With respect to the response in tibial motor nerve activity, L-homocysteic acid injected into the PAG evoked a transient tibial motor nerve burst, and bicuculline injected into the PAG sometimes induced rhythmic tibial motor discharges, although this effect was weaker and shorted lived compared with the injection of bicuculline into the VTA (Fig. 5) .
Synchronized renal sympathetic and motor responses evoked by bicuculline into the VTA. When bicuculline injected into the VTA and PAG produced a series of rhythmic motor nerve discharges, there was an increase in RSNA simultaneous with an individual tibial motor discharge, as shown in Fig. 5B . Although the mean value of the interburst interval between rhythmic motor discharges in all decerebrate rats was similar between VTA and PAG stimulations (3.1 Ϯ 0.34 s vs. 2.7 Ϯ 0.58 s, respectively), the coefficient of variation of the interburst interval was 0.23 Ϯ 0.02 for the VTA, much smaller (P Ͻ 0.05) than that for the PAG (0.67 Ϯ 0.15), suggesting that activation of the neurons in the VTA evoked by bicuculline was capable of generating motor discharge with a more fixed rhythm compared with the case of the PAG. To examine the cross-correlation between the RSNA and tibial motor discharge, the averaged RSNA around the onset of the tibial motor discharge was superimposed in each decerebrate rat and further averaged among the animals (Fig. 6) . During the chemical stimulation of the VTA by bicuculline, the onset of the RSNA response was slightly delayed from the onset of the tibial motor nerve discharge by 73 Ϯ 26 ms. The peak of RSNA (312 Ϯ 53 impulses/s, 561 Ϯ 95% of the baseline control) was also delayed from the peak of the tibial motor nerve discharge by 93 Ϯ 25 ms. Similarly, during bicuculline stimulation of the PAG, the onset and peak of the RSNA response (238 Ϯ 49 impulses/s, 255 Ϯ 53% of the baseline control) were delayed from the onset and peak of the tibial motor discharge by 50 Ϯ 31 and 56 Ϯ 37 ms, respectively.
Effect of bicuculline stimulation of neurons in the VTA and SN on skeletal muscle blood flow and vascular conductance.
To examine the effects of bicuculline stimulation of neurons in (2) of bicuculline into the VTA or periaqueductal gray matter (PAG) on RSNA, AP, MAP, and integrated tibial motor nerve activity in an unanesthetized, decerebrate rat. B: the above changes during the chemical stimulations of the nuclei are shown at a faster chart speed. Bicuculline into the VTA and PAG not only increased RSNA, AP, and MAP but also produced a series of rhythmic tibial motor nerve activity. The tibial motor discharges were more vigorous and constant during VTA stimulation compared with those during PAG stimulation. RSNA was synchronized with tibial motor nerve activity.
the VTA and SN on skeletal muscle circulation, the responses in blood flow and vascular conductance of the hindlimb triceps surae muscle were determined (Fig. 7) . Bicuculline stimulation of neurons in the VTA significantly (P Ͻ 0.05) increased muscle blood flow and vascular conductance by 36 -68% and 19 -36% of the baseline levels, respectively, irrespective of whether rats were anesthetized or decerebrate (Fig. 7) . In contrast, the same chemical stimulation of neurons in the SN did not affect skeletal muscle blood flow and vascular conductance (P Ͼ 0.05).
Histology for chemical stimulation of the ventral mesencephalic areas. The relationship between the location of the tip of the micropipettes and the renal sympathetic responses elicited by injection of bicuculline through the micropipettes is shown in Fig. 8 . The tip of the micropipettes was localized within or near the VTA, SN, and dorsolateral or lateral parts of the rostral PAG. A greater increase in RSNA (⌬RSNA) was observed when neurons in the VTA and the dorsolateral or lateral parts of the rostral PAG, but not in the SN, were chemically stimulated with bicuculline.
DISCUSSION
To test the hypothesis that the mesencephalic VTA plays an important role as one of the higher brain centers linking the autonomic nervous and motor systems during exercise, we examined whether microinjection of an NMDA receptor agonist (L-homocysteic acid) or a GABAergic receptor antagonist (bicuculline) into the VTA was capable of eliciting rhythmic synchronized discharges of renal sympathetic nerves and tibial motor nerves without any muscular feedback signals under muscle paralysis. The major findings of this study were that 1) both L-homocysteic acid and bicuculline injected into the VTA increased RSNA, MAP, and HR in anesthetized rats, whereas neither drug injected into the SN affected them; 2) bicuculline injected into the VTA increased blood flow and vascular conductance of the hindlimb triceps surae muscle; 3) renal sympathetic nerve and cardiovascular responses to the chemical stimulations of the VTA were not essentially affected by decerebration at the premammillary-precollicular level; and 4) bicuculline injected into the VTA produced long-lasting rhythmic bursts of renal sympathetic and tibial motor nerves in the unanesthetized, decerebrate condition, which occurred in good synchrony. Based on these findings, it is likely that activation of neurons in the VTA is capable of evoking simultaneous rhythmic coexcitation of somatic motoneurons and renal sympathetic outflow and that the ascending projection from the VTA to the forebrain is not responsible for the coexcitation.
Effect of stimulating neurons in the VTA on the cardiovascular system. Several laboratories (5-7, 16, 37) have studied the cardiovascular effects of electrical and chemical stimulation of the VTA. Electrical stimulation of the VTA evoked a pressor response, bradycardia, and intense vasoconstriction of the renal vascular bed in pentobarbital-anesthetized rabbits (37) . Chemical stimulation of the VTA by injection of a tachykinin agonist induced a long-lasting pressor response and tachycardia in conscious rats (5-7), whereas chemical stimulation of the VTA by injection of L-glutamate induced a short-lasting depressor response and bradycardia in chloraloseanesthetized rats (16) . In this study, we found that L-homocysteic acid injected into the VTA induced short-lasting increases in MAP and HR in pentobarbital-anesthetized rats, whereas bicuculline injected into the VTA produced long-lasting increases. The greater cardiovascular responses to chemical stimulations of the VTA were recognized in unanesthetized, decerebrate rats. The discrepancy for the cardiovascular effects of stimulation of the VTA among the studies might be partly due to a difference in substances injected into the VTA as well as experimental interventions (chemical vs. electrical stimulation, unanesthetized vs. anesthetized condition) and/or species.
As a possible reason for the discrepancy, a glutamatergic receptor agonist such as L-glutamate may excite not only excitatory neurons but also inhibitory interneurons within the nucleus and thereby may produce a mixed influence on the Fig. 6 . Cross correlation between RSNA and tibial motor nerve activity. The data of RSNA during chemical stimulation of the VTA or PAG with bicuculline are aligned at the onset of the tibial motor discharge and averaged over 50 tibial motor bursts in a given microinjection trial. The averaged RSNA around the onset of the tibial motor discharge is superimposed at time 0, referring to a 40% level of the normalized maximal tibial nerve response (%Max). The averaged RSNA and tibial motor nerve activity were further averaged over 8 trials in 7 rats for the VTA and 7 trials in the same 7 rats for the PAG (thick lines). autonomic nervous system, because the VTA contains many GABAergic cells as well as dopaminergic and glutamatergic cells (2, 29, 35) . Instead, bicuculline may selectively activate excitatory neurons in the VTA via a disinhibitory action. Indeed, bicuculline stimulation of neurons in the VTA produced a stronger and longer increase in RSNA than in the case of L-homocysteic acid (Figs. 2 and 4) . Another possibility is that the pressor or depressor response depends on a balance between vasodilatation and vasoconstriction in peripheral vascular beds, because bicuculline injected into the VTA increased muscle vascular conductance in this study (Fig. 7) but electrical stimulation of the VTA decreased renal vascular conductance (37) . Intense muscular vasodilatation, which exceeds vasoconstriction in other vascular beds and an increase in cardiac output, will cause a depressor response, and vice versa. Therefore, it was important for a better understanding of autonomic function of the VTA to acquire the response in sympathetic efferent nerve activity in the unanesthetized condition, avoiding an influence of anesthesia, and to determine the response in regional blood flow as well as systemic blood pressure.
Effect of stimulating neurons in the VTA on sympathetic nerve activity. The PAG is well known to have a crucial role in regulating the cardiovascular changes in association with defensive behavior, and chemical stimulation of the PAG evokes a powerful influence on RSNA, MAP, HR, and respiratory activity (4, (13) (14) (15) 38) . L-Homocysteic acid injected into the VTA induced a short-lasting increase in RSNA in both anesthetized and decerebrate rats, whereas bicuculline injected into the VTA produced a long-lasting increase in RSNA. The increases in RSNA in response to chemical stimulations of the VTA were large compared with the effects of PAG stimulations on RSNA (Figs. 5 and 6 ). This implies that the VTA appears one of the higher cardiovascular centers and that activation of neurons in the VTA is capable of causing an increase in sympathetic outflow, thereby leading cardiovascular responses. Furthermore, it is likely that the VTA affects the somatic motor system as well, because bicuculline injected into the VTA produced long-lasting rhythmic bursts of tibial motor nerve discharge in the unanesthetized, decerebrate condition. Activation of neurons in the VTA may operate or trigger a neural circuit responsible for synchronized stimulation of both renal sympathetic and tibial motor nerves.
Insignificant effect of stimulation of the SN on sympathetic nerve activity. The SN is subdivided into two cell groups: the SN pars compacta (SNC) and the SN pars reticulate (SNR). The SNC primarily contains dopaminergic cell bodies, whereas the majority of neurons in the SNR are devoid of dopamine and display intense GABA and glutamic acid decarboxylase immunoreactivity (12, 28, 40) . In this study, chemical stimulation of neurons in the SN, probably the SNR and adjacent areas involving the ventral tier group of the SNC, did not change both renal sympathetic and tibial motor discharges as well as hemodynamics. This finding is in agreement with previous results (5, 16) . Kirouac and Ciriello (16) reported that chemical stimulation of the greater part (pars lateralis and SNR) of the SN with L-glutamate did not elicit the cardiovascular response in anesthetized rats. Cornish and Van Den Buuse (5) reported that microinjection of a substance P analog in the SN produced a significant but smaller pressor response than in the VTA with little effect on HR in conscious rats. Unlike the VTA, activation of neurons in the SN appears to have no significant role on the autonomic and cardiovascular systems.
Efferent projection from the VTA. It is known that ascending efferent fibers from the VTA to the forebrain, which are widely distributed throughout the limbic, motor, and association areas of the cerebral cortex and striatum, have been emphasized so far in function of the behavioral motivation and reward system (12, 28, 40) . Thus, it may be expected that the ascending projection to the forebrain from the VTA contributes to evoking the sympathetic and cardiovascular responses to chemical stimulations of the VTA in this study. However, the renal sympathetic nerve and cardiovascular responses to the chemical stimulations of the VTA were not essentially affected by decerebration at the premammillary-precollicular level. Recent immunohistochemical studies (1, 3, 17, 18, 28, 34, 39) have revealed that axons of dopaminergic neurons in the VTA terminate within the diencephalic and brain stem areas known Fig. 8 . Relationship between the location of the tip of the micropipettes and the renal sympathetic responses elicited by injecting bicuculline through the micropipettes drawn according to the rat brain atlas of Paxinos and Watson (30) . The tip of the micropipettes was localized within the VTA, SN, and dorsolateral or lateral parts of the PAG. A greater increase in RSNA (⌬RSNA) was observed when neurons in the VTA and dorsolateral or lateral parts of the PAG, but not in the SN, were chemically stimulated with bicuculline. MM, medial mammillary nucleus; RN, red nucleus; SNCD, the dorsal tier of SN pars compacta; SNR, SN pars reticulata; cp, cerebral peduncle; ml, medial lemniscus.
as the autonomic and cardiovascular centers; in particular, dopaminergic neurons in the VTA project to the lateral hypothalamus, PAG, dorsal raphe nucleus, and parabrachial nucleus. Most of these connections between the VTA and the nuclei in the diencephalon and brain stem have been shown to be reciprocal in nature (28) . In this study, rats decerebrated at the precollicular-premammillary level were devoid of ascending dopaminergic fibers to the forebrain. Nonetheless, the effects of the chemical stimulations of neurons in the VTA on the RSNA and cardiovascular variables were more vigorous compared with those obtained in pentobarbital-anesthetized rats. Thus, it is obvious that the ascending projection from the VTA to the forebrain is not responsible for evoking the sympathetic and cardiovascular responses to chemical stimulation of the VTA, and the efferent pathways of the VTA terminating within the diencephalon and mesencephalon may play a role in regulating the autonomic and cardiovascular systems.
Does the VTA play a role in feedforward control of the cardiovascular system during exercise? Although central command from higher brain centers plays an important role in the feedforward control of the cardiovascular system during voluntary exercise, little is known about the CNS origin and pathways responsible for the central command. Based on the clear demonstration of synchronized activation of renal sympathetic and somatic motor bursts by chemically stimulating neurons in the VTA, it is speculated that the midbrain region contains neural circuits crucial for generating central command and linking the autonomic nervous and motor systems, which may be triggered by descending output from the cerebral cortex. Although this concept is supported by anatomic evidence indicating reciprocal connections between the VTA and the cerebral medial prefrontal, cingulate, and insular cortex (9, 28) and the efferent projections from the VTA to the diencephalon and to the brain stem (1, 3, 17, 18, 34) , a more comprehensive physiological study will be required to understand the basis for the hypothesis.
